Abstract
Introduction
The epigenome changes as preadipocyte differentiation progresses. Currently, genomic DNA methylation and demethylation are the best studied epigenetic mechanisms. DNA methylation can regulate the expression of adipocyte differentiation-related genes to regulate the growth and development of adipocytes [1] . DNA methylation is a process of dynamic changes and involves related methylases and demethylases [2] . The TDG gene can activate DNA demethylation and plays an important role in DNA base repair and DNA demethylation [3, 4] . A TDG gene defect will result in the embryonic death of mice [5, 6] and change the cytosine distribution during stem cell differentiation. These changes occur especially in gene regulatory regions, such as promoter regions and enhancer regions [7, 8] . Jia et al. also confirmed that TDG gene knockdown inhibited the proliferation of colon cells [9] . Our previous studies showed that methyl-CpG binding domain protein 4(MBD4) gene silencing could affect the DNA methylation levels of genes associated with preadipocyte differentiation and inhibit the differentiation of pig preadipocytes [10] . Similar to the MBD4 gene, the TDG gene also has an active demethylation function and plays an important role in cell differentiation through base excision repair. It has not been confirmed whether the TDG gene also performs the same function as that of the MBD4 gene during the process of pig preadipocyte differentiation. For this study, preadipocytes were obtained from the subcutaneous adipose tissues of 1-to 7-day-old young Junmu-1 pigs through in vitro isolation and culture, and differentiation was induced. The mRNA and protein expression levels of TDG during the differentiation of preadipocytes were determined, and the mRNA expression levels of the transcription factors C/EBPα, PPARγ, and aP2 were analyzed. In addition, pig preadipocytes were treated with siRNA to knockdown the TDG gene and evaluate the effects on the preadipocyte differentiation, mRNA expression levels of related transcription factors, and methylation levels in the gene promoter regions. These results can help to elucidate the functions of the TDG gene in the differentiation of pig preadipocytes.
Materials and Methods

Animals
The experimental animals were 7-day-old Junmu-1 boars purchased from the pig breeding farm of Jilin University, China. The use of experimental animals conformed to the regulations for the management of experimental animals of Jilin University and the standards of the China laboratory animal welfare policy. 
Materials
Acquiring preadipocytes and inducing differentiation
Pigs were sacrificed using the conventional method. The surface of the pigs was washed and scrubbed using sterile water containing 5% double antibiotics. Under sterile conditions, neck skin was dissected to expose adipose tissues. Adipose tissues were carefully resected using a sterile surgical blade under sterile conditions and cut into 1 mm 3 small blocks using scissors. Small blocks were collected in a centrifuge tube. Collagenase I was added to the tube, and the blocks were digested in a 37°C water bath for 1 h. Samples were filtered using a 200 mesh filter screen and centrifuged (1500 rpm/min, 10 min). The pellet was collected, and DMEM/F12 (Gibco, Beijing, China) containing 10% fetal bovine serum was added. Samples were transferred to a 12-well cell culture plate and cultured in a 37°C and 5% CO 2 incubator. The culture medium was replaced every other day. When the cell confluence reached 80%, the culture medium was removed, and the cells were washed with sterile PBS three times. Culture medium containing 10 μg/mL insulin, 1 μmol/L dexamethasone, 0.5 mmol/L IBMX, and 0.1 μmol/L troglitazone was added for continuous culture. After 2 days, the culture medium was replaced with culture medium containing 10 μg/mL insulin and 1 μmol/L dexamethasone for continuous culture until lipid droplets were present.
Identification of lipid droplets
Oil red O staining was performed to identify lipid droplets. Cell culture plates were gently washed with sterile PBS three times, 4% paraformaldehyde was added, and the plates were incubated at 37°C for 30 min. Cells were washed with PBS three times, 60% oil red O solution was added, and the cells were held at room temperature for 30 min. Cells were washed again with PBS three times, and the cells were observed under a microscope and photographed. Each cell culture plate received an equal volume of 100% isopropanol solution, and the absorbance values at 500 nm were measured after thorough mixing. Each experiment was repeated three times.
Analysis of mRNA expression levels
Total RNA was extracted using Trizol (Roche, USA) under low-temperature conditions and reverse transcribed into cDNA using the PrimeScript RT Reagent Kit with gDNA Eraser. The mRNA expression levels were determined using the SYBR ® Premix Ex Taq II reagent kit in a Mastercycler ep realplex (Eppendorf, Germany) instrument. The reaction system was 10 μL of SYBR Premix Ex TaqII (2×), 2 μL of cDNA, 0.5 μL each of forward and reverse primers, and 7 μL of sterile deionized water for a total volume of 20 μL. PCR was performed using the two-step method: denaturation at 95°C for 30 s and 40 cycles of denaturation at 95°C for 5 s and annealing at 60-65°C for 30 s. The melting curve was plotted for 65-95°C. Each experiment was repeated three times. The primers are shown in Table 1 .
TDG gene knockdown
Sequences were designed based on the full sequence of the TDG gene (GenBank accession No. XM_001926999.2), and siRNAs were synthesized by Shanghai GenePharma Co., Ltd(GenePharma, Shanghai, China). The sequences are shown in Table 2 . The culture medium in the cell culture plates was discarded, Table 1 . Primer sequences of real-time fluorescence-based quantitative PCR and Opti-MEM culture medium was added for continuous culture until the cell confluence reached 70%. Culture medium containing pre-mixed siRNA and Lipofectamine 2000 at a certain ratio was added, and the cells were cultured at 37°C and 5% CO 2 for 2 days. The culture medium was discarded, and cells were collected for future usage. The experiments were repeated three times.
Western blot analysis
Cellular proteins were extracted using a total protein extraction reagent kit (BSP003, Sangon Biotech, Shanghai, China), and the protein concentrations were determined using Bradford buffer (Sangon Biotech, Shanghai, China). First, 30 μg of protein was mixed with 10 μL of 5× SDS protein electrophoresis sample buffer. After thorough mixing, the samples were held at 98°C for 10 min and loaded onto a 10% (w/v) poly-acrylamide-sodium dodecyl sulfate (SDS) gel. Electrophoresis was performed at a constant voltage of 90 V until the bromophenol blue dye reached the bottom of the electrophoresis plate. Proteins were transferred to polyvinylidene difluoride membranes (Millipore, USA) at 220 mA for 2 h. Membranes were placed in blocking solution and incubated at room temperature for 2 h. After the membranes were washed with 1× TBST three times, TDG (H-114, SC-292440) rabbit polyclonal IgG (1:1000 dilution) or β-Actin (C4, SC-47778) mouse monoclonal IgG1 (1:2000 dilution) was added, and the sample was incubated at 4°C for overnight. The membranes were removed and washed with 1× TBST three times on a shaker. Blocking solution containing goat anti-rabbit IgG-HRP (SC-2004, 1:2000 dilution) or goat anti-mouse IgG-HRP (SC2005, 1:2000 dilution) was added, and the sample was incubated at room temperature for 1 h. The membranes were washed again with 1× TBST three times. Images were captured using the Tanon-5200 gel imaging system (Tanon Science & Technology Co., Ltd. Shanghai, China) for analysis.
Analysis of bisulfite sequencing
Primers were designed using the methylation primer design website (http://www.urogene.org/ methprimer/) ( Table 3 ). Primers were synthesized by Sangon Biotech (Sangon Biotech, Shanghai, China). The collected cells were processed using the EZ DNA Methylation-Direct Kit to obtain genomic DNA converted by bisulfite. The target fragment was then amplified using PCR. The amplification system was 2.5 μL of 10× Ex Taq Buffer (Mg 2+ ), 2 μL of dNTP mixture (2.5 mM each), 1 μL of template, 1 μL each of the forward and reverse primers (10 μM), and 0.1 μL of TaKaRa Ex Taq (5 U/mL); sterile distilled water was added to obtain a total volume of 25 μL. The PCR amplification conditions were denaturation at 94°C for 4 min, 38 cycles of 94°C for 45 s, 55-60°C for 45 s, and 72°C for 45 s, and total extension at 72°C for 10 min. The obtained DNA fragment was purified using the AP-GX-250 gel extraction kit (Axygen, Jiangsu, China) and ligated into the PMD 18-T vector. Ten colonies from each sample were transferred to the culture medium for culture. After becoming turbid, the bacterial solution was sent to Comate Biosciences Co., Ltd. (Comate Biosciences, Changchun, China) for sequencing.
Statistical analysis
The comparative cycle threshold (Ct) method was used for quantitative analysis of the fluorescence results. The relative expression level was presented using 2 -ΔΔCt (GAPDH was used as the internal control gene). Image J software was used to analyze the protein expression levels. Changes in the methylation of promoter regions were analyzed using the BiQ Analyzer software. 
Results
Analysis of the mRNA and protein expression patterns of the TDG gene during the differentiation process of pig preadipocytes
The mRNA expression level of the TDG gene changed with the induced differentiation time. The expression level was the highest after 2 days of induced differentiation (the GAPDH gene was used as the internal control gene). After 2 and 3 days of induced differentiation, the mRNA expression levels were very significantly different from those without differentiation and after 1 day of differentiation (P<0.01) (Fig. 1A) . Western blot analysis results indicated that the protein expression level of TDG first increased and then decreased during the differentiation process of pig preadipocytes. The expression level was the highest after 2 days of induced differentiation and then decreased (Fig. 1B and C) . After 1, 2, and 3 days of induced differentiation, the TDG protein expression levels were very significantly different from that without differentiation (P<0.01). The difference between the results 4 days after induced differentiation and without differentiation was not significant (P>0.05).
Transfection efficiency of siRNAs and analysis of the mRNA expression of related genes
This study synthesized three pairs of siRNA sequences in total. The mRNA expression level of the TDG gene was determined after 2 days of transfection. The results are shown in Fig. 2 . Transfection of siRNA-1, siRNA-2, and siRNA-3 into cells could decrease the mRNA expression levels of the TDG gene compared to those of the blank control group and the negative control group. The transfection efficiency of siRNA-2 was the highest and was greater than 70%, which was very significantly different from those of siRNA-1 and siRNA-3 (P<0.01) (the GAPDH gene was used as the internal control) (Fig. 2A) . Therefore, siRNA-2 was chosen for subsequent experiments. After 2 days of transfection, the expression of the TDG protein in the siRNA-1 and siRNA-3 groups did not significantly differ from that in the negative control group (P>0.05) (Fig. 2B and C ). The TDG protein expression level in the siRNA-2 group decreased and differed significantly from those in the blank control group the OD500 nm values (P<0.01) (Fig. 3D) . These results indicated that TDG gene knockdown had inhibitory effects on the differentiation of pig preadipocytes.
Effects of TDG gene knockdown on the changes in the methylation levels in the promoter
regions of the C/EBPα, PPARγ, and aP2 genes After TDG gene knockdown, the percentages of methylation in the promoter region of the C/EBPα gene in the negative control group and siRNA-2 transfection group were 0.5% and 0.9%, respectively (Fig. 4A) . The percentages of methylation in the promoter region of the PPARγ gene in the negative control group and the siRNA transfection group were 67.5% and 80%, respectively (Fig. 4B) . The percentages of methylation in the promoter region of the aP2 gene in the negative control group and the siRNA transfection group were 58% and 76%, respectively (Fig. 4C) .
Discussion
The formation of adipocytes is a dynamic process, and the differentiation of preadipocytes is regulated by hormones and growth factors, which plays an important role in the process [11] [12] [13] .The epigenome have been changed with the differentiation proceeds. The methylation and demethylation of genomic DNA are important aspects of epigenetics, and two processes keeping balance each other to maintain the stability of methylation profiles. The TDG gene plays an important role in DNA repair, DNA demethylation, and transcription regulation and influences embryonic development and tumorigenesis [14] . Under natural conditions and accelerated oocyte aging conditions, the dynamic changes in the DNA demethylation of mouse oocytes under aging conditions are associated with TET3 gene over-expression and TDG inhibition [15] . The TDG gene showed dynamic changes during the differentiation of pig preadipocytes (Fig. 1) and participated in the differentiation process. After TDG gene knockdown, the mRNA expression level of the C/EBPα gene did not change. It was possible that the expression of the C/EBPα gene was low or was not turned on at that time and that the C/EBPα gene expression was induced after the expression levels of the C/EBPβ and C/EBPδ genes increased [16] . In addition, after TDG gene knockdown, the percent change in the methylation level in the promoter region of C/EBPα was 0.5% in the negative control group and 0.9% in the siRNA group (Fig. 4A) . The results were consistent with the study of Li et al. on the methylation modification levels in the promoter region of the C/EBPα gene in 3T3-L1 cells; that study showed that the promoter region of the C/EBPα gene was hypermethylated in the 3T3-L1 adipocytes, and hypermethylation was not detected in the 3T3-L1 preadipocytes [17] . The promoter region of the C/EBPα gene in pig preadipocytes was unmethylated, and the TDG gene performed demethylation functions. Therefore, after the TDG gene knockdown, the methylation status in the promoter region of C/EBPα did not change and was not associated with the expression level of the TDG gene. The aP2 gene is involved in the process of preadipocyte differentiation [18] [19] [20] . After TDG gene knockdown, the mRNA expression levels of the aP2 gene decreased, and the methylation levels in the promoter region increased (Fig. 4C) . PPARγ and C/EBPα can both promote preadipocyte differentiation [21] ; in addition, these two genes can promote the expression of each other. Through the activation of a large number of target genes, these two genes can jointly promote the differentiation of preadipocytes into adipocytes [22] . The PPARγ gene is induced before the transcription of adipocyte genes; it plays an important role in preadipocyte differentiation and can induce the formation of adipocytes [23] . After TDG gene knockdown, the mRNA expression level of the PPARγ gene decreased (Fig. 2G) , and the expression of the C/EBPα gene was also affected. After induced differentiation, the expression levels of the PPARγ and C/EBPα genes at the same time were different from those in the non-TDG gene knockdown (negative control) group; the expression in the negative control group was normal, and the gene expression was inhibited after TDG gene knockdown. Moreover, the significantdecrease in the lipid droplet production was caused by the TDG gene knocked down (Fig. 3) , but the knock down does not influenced the expression of MBD4. MBD4 gene was involved in the process of preadipocytes differentiation.
The results are also consistent with previous reports that MBD4 has been closely linked to apoptosis, while TDG has been clearly implicated in transcriptional regulation [24] . According to the research, the CNOT2 gene depletion blocked the activation of PPARγ and CEBPα, and reduced the number of lipid dro plets during the diffe rentiation process of 3T3-L1 preadipocy tes. Thus, the different of gene expression will affect the expression of marker genes of preadipocyte, then effected the lipid dro plets production. Otherwise, different genes have different effects on the marker genes [25] . Due to the limitations of the conditions, the effects of TDG gene knockdown on other related transcription factors were not detected. It was possible that the TDG gene knockdown might influence other transcription factors that had important functions in preadipocyte differentiation, thus affecting preadipocyte differentiation.
Cytosine methylation plays an important role in embryonic development and transcription regulation processes. TDG can recognize G:T mismatched bases and convert them to G:C to maintain normal development [26] . We knocked down the TDG gene during the differentiation of pig preadipocytes. The results showing changes in the mRNA expression levels of the transcription factors PPARγ and aP2 and the production of lipid droplets indicated that the TDG gene is involved in the differentiation of pig preadipocytes and played an important role. In addition, the expression level of the TDG gene could also affect the methylation levels in the promoter regions of transcription factors during the differentiation process. DNA methylation changes were closely associated with gene expression. The reduction in lipid droplet production was the collective result of both the decrease in the mRNA expression levels of related genes and the methylation levels in the promoter regions of genes. TDG gene knockdown could inhibit the differentiation of preadipocytes. Whether the methylation levels of the PPARγ and aP2 genes are associated with their gene expression or the transcription of other genes and the effects of the changes in the methylation levels in the promoter regions of preadipocyte differentiation-related genes on the TDG gene or other related genes will be examined in further studies.
